BACKGROUND: Maladaptive responses to stress are a hallmark of alcohol use disorder, but the mechanisms that underlie this are not well characterized. OBJECTIVES: Here we show that kappa opioid receptor (KOR) signaling in the bed nucleus of the stria terminalis (BNST) is a critical molecular substrate disrupting stress-coping behavior following heavy alcohol drinking. 5
RESULTS: Altered responses to an innate stressor were associated with enhanced PFC-driven excitation of prodynorphin-containing neurons in the BNST during protracted withdrawal from intermittent alcohol drinking. CONCLUSIONS: These findings suggest that increased corticolimbic connectivity may underlie impaired stress-coping during protracted withdrawal from heavy drinking and represents a target of potential therapeutic mediation as well as a 10 potential biomarker of negative outcomes.
BNST PDYN alcohol-induced stress deficit 3 
Main Text
Not only do stressors drive both drinking and relapse in alcoholics, but chronic alcohol drinking reciprocally impacts stress systems in the brain. To date, most preclinical research has explored the effects of stressors preceding alcohol drinking (1). While blunted responses to stress have been identified in alcohol-dependent individuals (2) , few studies have considered 5 mechanisms by which alcohol drinking results in maladaptive stress responses during protracted abstinence. This is a critical area of study, as mitigating stress responses can contribute to improved alcohol relapse outcomes. Here, we show that kappa opioid receptor (KOR) dysregulation of corticolimbic circuits underlies lasting behavioral changes to stressors that emerge after chronic drinking. 10 Male C57BL/6J mice were given six weeks of intermittent access to alcohol (EtOH), a protocol known to induce heavy voluntary drinking (3), before behavioral testing both during early (<24 hr) and protracted (7- responses to the predator odor remain altered throughout protracted abstinence. Specifically, EtOH-drinking mice did not avoid the TMT compared to the water (H2O)-drinking controls during protracted abstinence [ Fig. 1C ], suggestive of maladaptive survival behavior. Previous studies have shown that activation of the dynorphin (Pdyn)/KOR system can modulate stress- 20 induced EtOH seeking (7) , so we tested if KOR blockade could alter drinking-induced stress behavior. Systemic treatment with 5 mg/kg of the long-acting KOR antagonist norBNI rescued the EtOH-induced impairment of predator odor response [ Fig. 1D ]. Given the potential relevance BNST PDYN alcohol-induced stress deficit 4 of targeting the protracted time point, rather than at acute abstinence [ Fig. S1A -G], we next focused on identifying the mechanism for this long-lasting adaptation.
The bed nucleus of the stria terminalis (BNST) is a brain site known for its involvement in stress, anxiety, and addiction, and is regulated by the Pdyn/KOR system (8) . Initial reports have identified the BNST as a mediator of stress responses to TMT in rats (9). We tested whether 5 microinfusions of norBNI directly into the BNST would also alter behavioral responses to TMT during protracted abstinence [ Fig. 1G ]. Similar to systemic administration, intra-BNST norBNI reduced heightened contact with TMT in the EtOH mice [ Fig. 1I -J] with no effect on time spent in the far corners of the home cage [ Fig. 1K ]. EtOH mice showed significantly less burying behavior in response to TMT compared to H2O mice, but there was no effect of drug [ Fig. 1L ]. 10 We then tested if Pdyn neurons in the BNST played a role in this process, as we have previously shown that BNST Pdyn can modulate synaptic transmission in the BNST (8) . Importantly, colocalization of c-Fos in Pdyn-containing cells (BNST PDYN ) was largest in the stressed EtOH group [ Fig. 2E ], suggesting an interaction between EtOH and predator odor stress 5 in the BNST.
To assess dynamic BNST PDYN responses to TMT in real-time, we performed in-vivo fiber photometry in EtOH and H2O mice. Pdyn-Cre mice were injected with a viral construct containing a Cre-inducible genetically-encoded calcium indicator (FLEX-GCaMP7f) and optical fibers were implanted above the BNST [ Fig. 2Ff ]. When averaged across three TMT exposures, 10 both H2O and EtOH mice showed sustained increases in BNST PDYN calcium activity in response to TMT [ Fig. 2G ], which were larger than calcium transients in response to double distilled water (DDW). However, while BNST PDYN responses in H2O mice did not habituate across trials, onto BNST PDYN cells in stressed mice regardless of drinking history [ Fig. 2L ]. We were curious if this was an emergent property, similar to incubation of craving, or if this was engaged early in abstinence. To test this, we performed similar experiments and found that during early abstinence, activity of BNST Pdyn neurons is suppressed following alcohol drinking, yet robustly and synergistically engaged following repeated swim exposure in EtOH drinking mice 
Materials and Methods:
Animals. Eight-week old male C57BL/6J mice (Jackson Laboratories, Bar Harbor, ME) were used for behavioral pharmacology experiments. To visualize Pdyn-expressing neurons, we generated a Pdyn-GFP reporter line by crossing preprodynorphin-IRES-Cre mice (8,10,13) (Pdyn-Cre) and Rosa26-flox-stop-L10-GFP reporter mice. For conditional knockout of BNST 5 Pdyn, we used the Pdyn lox/lox mouse line (10). These mice were bred in the UNC facilities. All mice were group-housed for at least 3 days before being singly housed in polycarbonate cages (GM500, Tecniplast, Italy) with a 12:12-h reversed dark-light cycle with lights off at 7:00am. 
Behavioral Assays after EtOH Drinking
Repeated Forced Swim Test. Mice were placed into an acrylic cylinder filled with 23-25° water 4 hr before access to EtOH for 10 min (4) . Immobility duration was hand-scored by a blind BNST PDYN alcohol-induced stress deficit 12 observer across two trials. Increases in immobility time across forced swim trials were interpreted as an adaptive stress coping strategy (5) .
TMT Predator Odor Exposure. Exposure to fox-derived synthetic predator odor, trimethylthiazoline (TMT), was performed in the home cage as previously described to elicit stress reactions in mice (6) . For a baseline pre-trial period, mice habituated to a cotton tip 5 applicator held vertically in place for 10 min in the home cage. The TMT trial occurred when 2.5
µl TMT was applied to the cotton tip followed by 10 min of behavioral observation. Behavior. To record from BNST PDYN neurons in response to TMT, Pdyn-Cre mice were injected with AAV-FLEX-GCaMP7f and ferrules were implanted above the BNST. Mice were habituated to patch cords for three days before odor testing. On the day of odor testing, mice 5 were exposed to three sequential trials each of double distilled water (DDW) and the predator odor TMT in the home cage. Two min of baseline recordings were collected before odor delivery and recording continued for 5 min following odor delivery. To minimize the role of the experimenter during testing, the odors were delivered via syringe pump attached to polyethylene tubing. The liquid odors were contained between air bubbles and DDW to prevent odor leak 10 prior to intended delivery.
Slice Electrophysiology. Ninety minutes following TMT, which was also 24 hr after the last EtOH access, mice were sacrificed via deep isoflurane anesthesia, and coronal brain slices containing the BNST were collected according to standard laboratory protocols (6, 8, 10 . oEPSC amplitude (pA) was the first peak of the paired pulse ratio with a 50 ms interstimulus interval. Paired pulse ratio was calculated as the second peak 15 amplitude divided by the first peak amplitude. Cells were held at -70 mV to isolate AMPARmediated current and at +40 mV for NMDAR-mediated current. In separate slices, ten 1, 5, and 10 Hz pulse trains were performed at -55 mV voltage clamp without the presence of ionotropic inhibitors with the cesium methanesulfonate internal solution. The nine subsequent amplitudes in the pulse train were normalized to the first peak. 
